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Crustal Coda Waves

Earthquakes in Japan

Space and Time Scales

Frequency > 1 Hz

Wavelength ∼ tens of meters
to kilometers

Model: radiative transfer

Mean free path 0.1–1000 kms
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Inner Core Coda Waves

Vidale and Earle, Nature (2000)
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Experimental Set-Up
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Cross-correlation of coda waves

Cij(xa, xb, τ) =∫
ui (xa, t−τ/2)uj(xb, t+τ/2)dt

Source average

Reconstruction of Rayleigh and
Love waves fundamental mode

Temporal asymmetry
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Underlying physics: Transport theory in random media

Asymptotic solution of Bethe-Salpeter equation

Correlation of two Green functions:

Γ(x, r; t, τ) = 〈G (x + r/2, t + τ/2)G (x− r/2, t − τ/2)∗〉

Fourier transform over τ :

C (x, r; t, ω) =

∫
Γ(x, r; t, τ)e iωτdω

Asymptotic result t →∞

C (x, r; t, ω) ∼ e−x2/4Dt−ωt/Qi

(Dt)3/2
Im 〈G (r, ω)〉

Barabanenkov & Ozrin, Phys Lett. A, 1991
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Understanding the temporal asymmetry

Perfect source distribution

mean free path of the waves. We recall that the transport
mean free path l* is the typical distance after which the
scattered energy of a wave in a particular direction is spread
over all directions. The scattering is caused by a distribution
of small rigid scatterers with radius a. The background
velocity is 3.3 km.s!1. The product of the wave number k
by the radius a equals 1. Following the time-reversal
analogy developed by Derode et al. [2003a], we choose
to place the sources S all around A (the reference point at the
center of the grid marked with a cross in Figure 1a) in order
to form an equivalent of a perfect time reversal mirror. This
configuration is depicted in Figure 1a. Each source S sends
a broadband pulse with 0.1 Hz central frequency. The
correlations are computed between the field hSA(t) at the
reference point A and the field hSR(t) at any other point R(x,
y) of the grid. The correlation is averaged over the entire set
of sources S. The wave field reconstructed by correlations is
displayed in Figure 1 for correlation times !30, 0, and 30 s.
Time t = 0 is the central time of the correlations, when all
the energy is focused in A as if Awas a source. At negative
times, we observe a converging wave front, and a diverging
wave front at positive times. These wave fronts correspond
to the causal (positive times) and anticausal (negative times)
parts of the Green function between A and any point R in the
medium. The nearly perfect reconstruction of the Green

function (including the converging and diverging wave
fronts) is due to the quasi-ideal distribution of sources
around A, the length of the coda (as long as allowed by
the numerical schemes: 200 oscillations) and the absence of
absorption. This numerical experiment shows that cross
correlation corresponds to a physical process and is not an
artifice of signal processing.
[10] Derode et al. [2003b] and Larose et al. [2004]

showed the role of multiple scattering in enhancing the
efficiency of the reconstruction of the Green function with a
limited number of sources and finite durations of recording,
in conditions closer to seismology. Since in seismology, the
duration of records is limited by the presence of noise and
by absorption, averaging over a set of different sources is
required to expect the emergence of the Green function. The
limitations of the reconstruction will be discussed in section
3 after an application of this simple principle to a data set of
actual seismograms.

3. Application to Coda Records
3.1. Data Processing

[11] Temporary networks of seismic stations installed in
regions with a high level of seismicity provide useful data
sets to study the properties of the emergence of Green

Figure 1. Numerical simulation of the reconstruction of the causal and anticausal parts of the Green
function from cross correlations. (a) Configuration of the numerical experiment. One thousand sources S
(") are surrounding the reference point A (pluses). Dots indicate the point scatterers. (b) Snapshot of the
cross correlation between the field in Awith the field at location (x, y) after averaging over the sources S
for correlation time !30 s. The weakly diffusive medium is characterized by the transport mean free path
l* = 640 km, which is larger than the distance between the points where the correlations are computed. A
converging wave front is well defined and constitutes the anticausal part of the Green function.
(c) Snapshot for correlation time t = 0 s. The wave front is focused on A. (d) Snapshot for t = 30 s. The
diverging wave front corresponds to the causal part of the Green function.

B08302 PAUL ET AL.: EMPIRICAL SYNTHESIS OF GREEN FUNCTIONS

3 of 13

B08302Imperfect source distribution

d〈u(x− r/2, t − τ/2)u(x + r/2, t + τ/2)〉
dτ

∝
E (x, t) [G (r, τ)− G (r,−τ)]− 3J(x, t) · ∇r [G (r, τ)− G (r,−τ)]

(B.V.T., PRL, 2003; Paul et al., J.G.R., 2005)
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Role of multiple scattering and Equipartition

Imperfect Source Distribution + Late Coda
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GF reconstruction from ambient noise

Comparison of ’ground truth’ Green’s function and cross-correlation of
noise wavefields recorded at 3 seismic stations

(Shapiro et al., Science, 2005)
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Noise-based Tomography

Group velocity maps at 5-10s and 10-20s
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GF reconstruction with the coda of noise based GF

X - 4 STEHLY ET AL: C
3

4 evaluations the Green function between EMV and GIMEL.
4) We average the results over the 100 stations that compose the network used.
3.1.2. Results

The result is presented in Figure 4 where we compare the Green function between
EMV and GIMEL reconstructed by correlating directly the noise recorded at these
two stations and the C3 function in the two period band 5-10s and 10-20s.

On the upper panel we show the noise correlation in black, and the C3 functions
averaged on all the 100 stations of the network. We show with different color the
C3 function computing using the coda waves selected on the positive correlation
time,on the negative correlation time, or a mix of the two. 0n the lower panel
we show in red the stack of the 4 C3 functions and in blue the noise correlation.
The agreement between the C3 functions and the noise correlation for the direct
Rayleigh wave is striking in the two period band and for both positive and negative
time.

This result show that it is possible to reconstruct the Green function between a
pair of distant station by computing the C3 function (i.e by correlating the coda
waves reconstructed by noise correlation). This proves that individual noise corre-
lation contains different parts of the Green function, including multiply scattered
waves. These waves are not usually visible on a single correlation due to the large
remanant fluctuations. It is remarkable to notice that the time window for which
is computed the correlation of coda waves is 100 times smaller than the one used
for correlating the noise.
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Figure 1. Upper panel: Green’s function between EMV
and GIMEL reconstructed by correlating one year of
noise records (black) and by correlating coda waves re-
constructed by noise correlations. We show with different
colors the C3 functions where the coda was selected on
the positive noise correlation time, negative time or a
mix of the two. Lower panel: Noise correlation function
between EMV and GIMEL (blue) and the stack of the 4
C3 function (blue).

3.1.3. Range-time representation of C3 functions

Stehly et al., J.G.R., 2008
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Earthquake doublets

Same location

Same mechanism

Nearly identical waveforms

Drawback: no continuous
monitoring
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Repeated shots recorded on Merapi Volcano

Coda wave interferometry 1

Coda wave interferometry
An interferometer is an instrument that is sensitive
to the interference of two or more waves (optical
or acoustic). For example, an optical interferometer
uses two interfering light beams to measure small
length changes.

Coda wave interferometry is a technique for mon-
itoring changes in media over time using acoustic
or elastic waves. Sound waves that travel through
a medium are scattered multiple times by hetero-
geneities in the medium and generate slowly decay-
ing (late-arriving) wave trains, called coda waves.
Despite their noisy and chaotic appearance, coda
waves are highly repeatable such that if no change
occurs in the medium over time, the waveforms are
identical. If a change occurs, such as a crack in the
medium, the change in the multiple scattered waves
will result in an observable change in the coda waves.
Coda wave interferometry uses this sensitivity to
monitor temporal changes in strongly scattering
media.

There are many potential applications of coda
wave interferometry. In geotechnical applications,
the technique can be used to monitor dams or tunnel
roofs. In nondestructive testing, the technique can
be used to monitor changes due to the formation of
cracks or other changes in materials. In hazard mon-
itoring, the technique can be used to monitor volca-
noes, fault zones, or landslide areas. In the context
of the “intelligent oilfield,” coda wave interferome-
try can be used to monitor changes in hydrocarbon
reservoirs during production.

Coda wave interferometry can be used in two dif-
ferent modes. In the warning mode, the technique
is used to detect a change in the medium, but this
change is not quantified. This mode of operation is
used to prompt further action, such as more elabo-
rate diagnostics. In the diagnostic mode, coda wave
interferometry is used to quantify the change in the
medium.

Volcano monitoring. The use of this technique to
detect changes in a medium can be illustrated with

E- - - L- - -

1997

1998

0 10
time, s

(a)

time, s
1.5 2 2.5 3 3.5

E

(b)

L

time, s
12.5 13 13.5

(c)

Fig. 1. Waveforms recorded at the Merapi volcano for the same source and receiver on July 1997 (black) and July 1998
(color). (a) Complete waveforms and definition of the early (E) and late (L) time interval. (b) The recorded waves in the early
time interval (E). (c) The recorded waves in the later interval (L). (Data courtesy of Ulrich Wegler)

seismological data that have been recorded on the
Merapi volcano in Java by U. Wegler and coworkers.
As seismic (elastic) waves pass through a volcano,
they are scattered by heterogeneities (scatters) such
as voids, cracks, magma bodies, and faults.

In the experiment, an air gun placed in a small
water basin dug in the side of the volcano was used
to generate seismic waves. (An air gun is a device that
emits a bubble of compressed air in water as a source
of seismic waves.) The seismic waves generated by
the same source recorded at a fixed receiver at two
moments in time (a year apart) are shown in Fig. 1.

In the Fig. 1b and c, the two waveforms are shown
superimposed in more detail. For the interval early
in the seismogram, these waveforms are similar
(Fig. 1b). For the later interval (coda), the waveforms
are distinctly different (Fig. 1c), where one of the
waveforms appears to be a time-shifted version of
the other, indicating that the interior of the volcano
had changed over time.

Note that in coda wave interferometry one needs
only a single source and a single receiver, although
in practice one may use more receivers to increase
the reliability. This means that the hardware require-
ments of this technique are modest.

Theory. Suppose that a strongly scattering medium
is excited by a repeatable source, and that the me-
dium changes with time. Before the change in the
medium, the unperturbed wave field u(u)(t) can
be written in Eq. (1) as a sum of the waves that

u(u)(t) =
∑

T

AT (t) (1)

propagate along the multiple scattering trajectories
T in the medium, where t denotes time and AT (t)
is the wave that has propagated along trajectory T.
When the medium changes over time, the dominant
effect is a change τ T in the arrival times of the waves
that propagate along each trajectory T, so that the
perturbed wave field is given by Eq. (2).

u(p)(t) =
∑

T

AT (t − τT ) (2)

The change in the waveforms as shown in Fig. 1c

No changes on the first arrival

Increasing delay time in the coda
Stretching of the signal ≈ tiny velocity change in the medium

Active source experiments are expensive
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Monitoring with seismic noise

Example on Piton de la Fournaise

time periods, we make each receiver to act as a virtual highly repetitive seismic source.
Green functions computed for consecutive time periods may therefore be considered as
virtual doublets. They can then be used to detect temporal perturbations associated to
small velocity changes (<1 %, Stehly et al., 2007).

We applied this method to study the Piton de la Fournaise volcano on La Réunion
island (Fig. 9a). We used the continuous seismic noise recorded during year 2006 by 21
vertical short period receivers operated by IPG Paris to compute 210 cross-correlation
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FIG. 9. (a) “Virtual doublets” computed by cross-correlating the seismic noise in two stations on
the Piton de la Fournaise volcano (Réunion Island) on different dates (40, 14, and 1 day before an
eruption). Notice the excellent similarity of the waveforms. (b) Relative velocity changes before the
eruption of July 2006 computed by processing virtual doublets. The separation distance between
the two stations is 8 km. The velocity change is equal to minus the slope of the delay versus lapse
time in the coda, a ¼ "DVS/VS.

392 GEORGES POUPINET ET AL.

Green function obtained
from cross-correlation of
seismic noise

Measurement of
stretching parameter in
the coda

“Passive image interferometry” (Sens-Schoenfelder and Wegler, GJI, 2006; Brenguier et al.,

Nature Geoscience, 2008; Brenguier et al., Science, 2008)
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Application to fault zones
temporal evolution of the crust is then tracked by
computing cross-correlation functions at different
dates for the same receiver pair and measuring the
changes between the correlation functions (7–9).

Tomonitor variations in seismic velocity along
the SAF at Parkfield, we usedmore than 5 years of
continuous seismic noise data recorded by 13 short-
period seismological stations of the Berkeley High
Resolution Seismic Network (HRSN) (10). These
stations are installed in boreholes at depths of 60 to
300 m, thus reducing locally generated noise and
effects of temperature variations and precipitation
(Fig. 1). We analyzed data from January 2002 to
October 2007, spanning the times of two major
earthquakes that occurred within a 100-km radius
of Parkfield: the moment magnitude (Mw) = 6.5
San Simeon earthquake of 22 December 2003,
whose epicenter was located 60 km west of Park-
field, and the Mw = 6.0 Parkfield earthquake of
28 September 2004. For every possible pair com-
bination of stations, we computed the daily cross-
correlation of seismic noise by using the procedure
of (11), yielding 91 × 2140 days = 194,740 cross-
correlation and auto-correlation time functions. A
reference Green function (RGF) was computed
for each station pair by stacking the daily cross-
correlations for the entire 2140-day period (12).
The velocity changes were then determined by
measuring time delays between the RGF and 30-
day stacks of cross-correlation functions in the
frequency range from 0.1 to 0.9 Hz (9, 12, 13)
(Fig. 2B). If the medium experiences a spatially
homogeneous relative seismic velocity change,
Dv/v, the relative travel time shift (Dt/t) between a
perturbed and reference Green function is indepen-
dent of the lapse time (t) at which it is measured
and Dv/v = −Dt/t = constant. Therefore, when com-
puting a local time shift, Dt, between the reference
and a chosen cross-correlation function in a short
window centered at time t, we would expect that
Dt should be a linear function of t. By measuring
the slope of the travel time shiftsDt as a function of
time t, we then estimated the relative time pertur-
bation (Dt/t), which is the opposite value of the
medium's relative velocity change (Dv/v). The 30-
day stacked correlations shown in Fig. 2A exhibit
variations because of the seasonal pattern of the
location of noise sources (14, 15). Because these
seasonal variations mainly affect the direct waves,
we did notmake differential timemeasurements for
these waves. We also investigated the accuracy of
the station clocks by analyzing the temporal sym-
metry of the correlation functions (16) and correct-
ing for the detected errors (12). Lastly, following
(9), we averaged the measured time shifts for each
time t over all station pairs to increase the mea-
surement accuracy.

After the San Simeon earthquake, the seismic
velocity along the SAF at Parkfield decreased by
0.04% (Fig. 3). This is consistent with measure-
ments using active sources and fault guided waves
that are associatedwith other earthquakes (2,3, 17).
Creepmeter and Global Positioning System (GPS)
measurements show that there was no substantial
slip detected along the SAF in the Parkfield area
after the San Simeon earthquake (18). This sug-
gests that the velocity change we detected may be
related to co-seismic damage in the shallow layers
caused by strong ground shaking (~0.15 g) from
this quake. By 7months after the quake, velocities
in the Parkfield area appear to have returned to
their pre-earthquake levels.

Kinematic and dynamic rupture inversions as
well as GPS and INSAR (Interferometric Synthet-
ic Aperture Radar) measurements showed that the
Parkfieldmainshock released amaximum stress of
10 Mpa and that the average slip was about 0.5 m
(19). The Parkfield mainshockwas also followed by
postseismic afterslip that is still ongoing and broadly
distributed between the surface and a depth of 12 km
(20, 21). Immediately after the Parkfield earthquake,
velocities decreased by 0.08%, and postseismic ve-
locities remained low for almost 3 years (Fig. 3). The
long-term decay of the relative velocity perturbation
was very similar to the relaxation curve associated

with the along-fault displacement deduced fromGPS
measurements (21, 22). Therefore, our hypothesis is
that the evolution of the observed seismic velocity
changes after the Parkfield earthquakewas governed
by the postseismic stress relaxation within deeper
parts of the fault zone and the surrounding region.

Observation of nonvolcanic tremors in the vi-
cinity of the Parkfield area supports this hypothesis
(Fig. 3). We considered the 30-day averaged rate of
tremor activity in the Cholame-Parkfield region com-
puted by using continuous records from the HRSN
for the period 2002 through 2007. These tremors are
estimated to have occurred between 20- and 40-km
depths (23), similarly to the episodic tremor and slip
phenomena on subduction zones (24, 25). There is
clear evidence of triggering of tremor activity by both
San-SimeonandParkfield earthquakes.After thePark-
field earthquake, tremor activity remained elevated and
has yet to return to its pre-event level similarly to the
seismic velocity changes. This observation supports
our hypothesis that both seismic velocity changes and
tremor activity after the Parkfield earthquake are re-
lated to postseismic stress relaxation and correspond-
ing slow slip. We also propose that the increased
nonvolcanic tremor activity after the San Simeon
earthquake may be related to slow slip at depth in
response to small stress variations induced by the pass-
ing of seismic waves from theMw = 6.5 event (26).

Fig. 1. Location of the HRSN (white and black circles) near Parkfield, California, and location of the 2003
San Simeon and 2004 Parkfield earthquakes. The black solid line indicates the surface projection of the
2004 Parkfield earthquake rupture and afterslip extent. The blue circles indicate the epicenters of
nonvolcanic tremors detected by (23). The black box on the inset image corresponds to the studied area.
The DEM plot was obtained from (27, 28). EQ indicates earthquake.
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Fig. 3. Seismic velocity
changes, surface displace-
ments from GPS, and tremor
activity near Parkfield. The
red curve represents the
postseismic fault-parallel
displacements along the
San Andreas fault as mea-
sured by GPS at station
pomm (Fig. 1) (29). The
tremor rates are averaged
over a centered 30-day-
length moving time window.

Fig. 2. Relative travel-time change measurements
(Dt/t). (A) Thirty-day stacked cross-correlation
functions (CCF) for receiver pair JCNB-SMNB. The
black curve represents the reference stacked cross-
correlation function. The CCFs are filtered between
0.1 and 0.9 Hz and normalized in amplitude. (B)
Time shifts averaged over 91 receiver pairs and
coherence measured between the reference stacked
and 30-day stacked cross-correlation functions (fre-
quency band, 0.1 to 0.9 Hz).
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Brenguier et al., Science, 2008
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Phase Statistics

Phase of the analytic signal

Easy with seismic waves: spatial and temporal resolution

Free from effect of absorption

Simplifying assumptions :
Analyze the phase field of vertical components
Wavefield obeys Circular Gaussian Statistics:
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Data from California
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Field and Intensity

−2 0 2
0

0.05

0.1

0.15

0.2

φ

P
(φ

)

0 2 4 6

−6

−4

−2

0

I/〈I〉

lo
g
(I

/
〈I

〉)

0 100 200
−0.5

0

0.5

1

r (m)

C
(r

)
=

〈ψ
ψ

〉

−2 0 2

0

0.2

0.4

0.6

#e ψ in A.U.

P
(#

e
ψ

)

 

 

PFO data

fit

(a) (b)

(c) (d)

L. Margerin (IRAP, CNRS, Toulouse) Seismic Coda Waves JMC 13 22 / 25



2-Point Statistics
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∆φ : Phase difference ∈ (−2π, 2π]
∆φu : Unwrapped phase difference ∈ (−π, π]
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Higher Phase Derivatives
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Fitting Parameters:
Coefficients of Taylor series of field correlation function
Universal behavior for nth derivative:
slope = −(1 + 2/n)
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Phase Difference Correlation
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Van Tiggelen et al., EPL, 2006; Anache et al., P.R.L., 2009
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